Objective: To examine whether the association between birth weight and fat distribution in childhood is modified by parental overweight. Methods: Cross-sectional study of 728 Danish children aged 8-10 and 14-16 years. The main outcomes were waist circumference, waist-toheight ratio, subscapular skinfold, and subscapular-to-triceps skinfold ratio. Analyses were stratified by parental overweight status (none vs. 6 1 overweight parent) for each dependent variable, expressed as z-scores. Results: Birth weight z-score was negatively associated with waist circumference ( ␤ -0.08 SD; 95% CI -0.15, -0.02), waist-to-height ratio ( ␤ -0.15 SD; 95% CI -0.22, -0.07), and subscapular-to-triceps ratio ( ␤ -0.28 SD; 95% CI -0.44, -0.12) after adjustment for sex, age, puberty, preterm birth, BMI, height, socio-economic status, mother's age at delivery, parity, breastfeeding, energy intake, and aerobic fitness in the group with 6 1 overweight parent. Birth weight was negatively associated with subscapular skinfold in groups with ( ␤ -0.16 SD; 95% CI -0.24, -0.06) and without overweight parents ( ␤ -0.09 SD; 95% CI -0.16, -0.02), but the magnitude of the association was greater in the former group. Conclusion: The association between birth weight and fat distribution seems to be influenced by parental overweight. Lower birth weights are associated with central adiposity among offspring of overweight parents.
Introduction
Fetal life has been suggested to be a critical period in relation to later adiposity [1] . Birth weight is frequently used as a marker of genetic factors and the intrauterine environment as it reflects underlying mechanisms influencing growth [2] .
Some studies have found support for a linear relationship between birth weight and subsequent BMI development [3, 4] , whereas others have found a J-or U-shaped association [5] . It has been suggested that J-or U-shaped associations might reflect a compensatory growth and fat accretion among individuals with low birth weight, which would result in an increased BMI [6] . However, this discrepancy in the association between birth weight and BMI may also depend on the fact that BMI does not distinguish between lean versus fat mass. Moreover, BMI fails to distinguish between central versus peripheral adiposity [2] .
Although the link between impaired fetal development and low lean mass among children and adolescents seems well established, the relationship between birth weight and adiposity and fat distribution later in childhood is still unclear [1, 6] . While some studies have shown a negative association between birth weight and central and total adiposity [7, 8] , others have found a positive [4] or non-significant [9, 10] associations. This inconsistency may partly reflect differences in the assessments of adiposity and fat distribution and/or failure to control for important confounders.
In the past 10 years, a number of studies using accurate measures of adiposity, such as dual X-ray absorptiometry (DXA), have been conducted, but none of them had simultaneously accounted for parental BMI, breastfeeding, energy intake, and physical activity during childhood [4, 7, 8, [10] [11] [12] [13] [14] . Since the impact of fetal conditions on later adiposity is likely to be attenuated by life courses, failure to adjust for actual lifestyle may result in spurious associations of birth weight and measures of adiposity or fat distribution. Also, familiar predisposition to obesity may influence this relationship, as offspring of obese parents have higher risk of obesity because of shared genes [15] and shared environments [16] . However, little is known about such influences.
The primary aim of this study was to examine whether the associations between birth weight and different measures of fat distribution, with comprehensive but sequential control for potential confounders, was modified by parental overweight. The secondary aim was to examine the same associations with BMI as a proxy for adiposity.
Material and Methods
The European Youth Heart Study (EYHS) is a longitudinal study of the associations between lifestyle and risk factors for cardiovascular diseases in schoolchildren, from which boys and girls in the 3rd (8-11 years) and 9th (14-16 years) grades were recruited in 1997/1998. Children in the 3rd grade were followed up after 6 years, and a new 3rd-grade cohort was selected. The data used in this study were restricted to information collected at baseline in Odense, Denmark, as part of the EYHS. The study was approved by the local ethics committee, and all children gave verbal consent and their parents written consent. Complete information on the cohort is presented elsewhere [17] .
A total of 1,019 children participated in the study at baseline. The analysis was limited to Caucasian children whose biological parents completed the study questionnaires (n = 818). After exclusion of individuals with missing information on birth weight, gestational age, anthropometric measurements and parental BMI, the final sample consisted of 728 children and their parents.
No differences in sex, birth weight, and gestational age among participants and non-participants were observed. However, participation rate was higher among the 3rd-grade compared to the 9th-grade group. Participant parents were more likely to have higher educational level and less likely to be overweight compared to non-participant parents.
Variables
Parents completed a questionnaire on their sociodemographic characteristics, lifestyle and current weight and height at baseline in 1997/1998. Education was defined as maternal high school degree (yes/ no). Paternal annual income was dived into low ( ! 27,000 EUR), medium (27,000-54,000 EUR) and high ( 1 54,000 EUR). Parental BMI was calculated as weight/height 2 (kg/m 2 ), using self-reported weight and height. Parents were also asked whether their child had ever been exclusively breastfed (yes/no) for at least 4 months. Further information on parity, birth weight, and gestational age was retrieved from the Danish Medical Birth Register. Maternal age at delivery was derived by subtracting the mother's date of birth from the child's date of birth.
Pubertal maturation was assessed according to Tanner staging [18] , and classified as pre-pubertal (Tanner 1) versus pubertal/post-pubertal stage (Tanner 2-5). Information on dietary intake was obtained by a 24-hour recall, supported by a qualitative food record [19] . Total energy intake was introduced into the models as a continuous variable (kJ/day).
Aerobic fitness (VO 2 max) was assessed as the maximum power output in a cycle test, with progressively increasing workload on an electronically braked cycle ergometer (Monark 839 Ergomedic, Varberg, Sweden). Aerobic fitness was expressed as maximum power output relative to body weight (W/kg) [20] . Although aerobic fitness has a strong genetic component [21] in children; it has been shown to be positively associated with daily physical activity assessed by accelerometers, and is expressed in counts/min in this sample [20] and in other similar populations [22, 23] . Information on daily physical activity in counts/min was available only for a sub-sample of the study population (n = 465). Analyses were performed using the accelerometer data, but due low numbers and therefore low statistical power aerobic fitness was used instead.
Weight and height were measured with standard techniques using a beam-scale type weight and a stadiometer, respectively. BMI was calculated as weight/height 2 (kg/m 2 ). Skinfold measurements (triceps, biceps, subscapular, and suprailiac) were taken on the left side of the body in duplicate or triplicate, according to the criteria described by Lohman et al. [24] . BMI and sum of 4 skinfold measurements were used as makers of adiposity. Waist circumference was measured midway between the lower rib margin and the iliac crest. Waist circumference, waist-to-height ratio, and subscapular skinfold were used as measurements of central adiposity. Subscapular-to-triceps ratio was calculated as indices of truncal to peripheral adiposity. Subscapular and triceps skinfolds were used because they are sites easy to locate and measure and therefore less vulnerable to measurement error [25] .
Birth weight was used as a surrogate measure of intrauterine growth. Birth weight was expressed as the standard deviation (SD) from the expected birth weight (z-score) according to the sex-specific mean birth weight for gestational age based on a reference population [26] . Preterm birth was defined as birth before 37 weeks of gestation.
Analysis
All anthropometric indices, except for BMI, were standardized to internally derived z-scores, by sexand age-specific distribution, to account for the changes in variance by sex and age groups. BMI z-scores were calculated with reference to a Danish national sample [27] .
Multiple linear regression models using robust standard errors, which accounted for clustering design (schools), were performed. Confounders were gradually introduced into the models: model 1 was adjusted for preterm birth, sex, age, and puberty; model 2 was adjusted for model 1 plus BMI and height (not applied for BMI analyses); model 3 was adjusted for model 2 plus maternal education and paternal income; model 4 was adjusted for model 3 plus mother's age at delivery and parity; and model 5 was adjusted for model 4 plus breastfeeding, energy intake, and aerobic fitness. Regression analyses including a quadratic term for birth weight, adjusted for all confounding factors, were also performed but evidence of non-linearity in any of the associations was not found.
BMI was examined as a binary outcome because birth weight may be associated with the upper end of the BMI distribution without affecting the mean. Hence, logistic regression was performed using overweight (yes/no) [28] as dependent variable and quartiles of birth weight z-scores as independent variables.
In order to investigate whether parental overweight (BMI 6 25 kg/m 2 ) influenced the association between birth weight and fat distribution and adiposity, all models were stratified by parental overweight status (no parental overweight vs. at least one overweight parent). The interaction between child's sex and birth weight z-scores was tested. Since no evidence was found that the strength of the association differed between sexes, analyses were not performed separately for boys and girls. Statistical analyses were performed using STATA version 9.2 (Statacorp LP, College Station, TX, USA). Table 1 shows the population characteristics according to sex and age groups. In the 3rd-grade group, there was a small, albeit significant, gender difference in age, in that girls were slightly younger than boys. Girls in the 3rd grade had a higher mean value of subscapularto-triceps ratio compared to boys. In the 9th-grade, boys were taller and had higher mean values of waist circumference compared to girls. However, waist-to-height ratio did not differ between genders. Girls in both groups had higher mean values of sum of 4 skinfolds measurements than boys. Girls started puberty earlier than boys. In the 3rd-grade group, 29% of girls had already entered puberty, whereas all boys were at pre-pubertal stage. In the 9th grade group, all girls had started puberty and 3% of boys were still at pre-pubertal stage (data not shown).
Results
In total, 27.3% of mothers and 46.3% of fathers had BMI 6 25 kg/m 2 . Overall, 57% of the children had at least one overweight parent, and 16% of the children had two overweight parents. Overweight parents were more likely to have overweight children (65%) than nonoverweight parents (35%; p ! 0.0001). Table 2 presents results regarding fat distribution. In the crude model, birth weight was positively related to waist circumference in children and adolescents regardless of parental overweight status, but the association was statistically significant only among those with at least one overweight parent. The direction of the association changed when total adiposity (BMI z-score) and body size (height z-score) were added to the model in both groups (model 2). In the fully adjusted model (model 5), birth weight was negatively associated with waist circumference among offspring of overweight parents; equivalent to -0.08 SDs (95% CI *Models including waist-to-height was not further adjusted for height.
Fat Distribution
-0.15, -0.02) change in waist circumference per 1 SD increase in birth weight. No significant associations were found among offspring of non-overweight parents. In the crude model, birth weight was negatively associated with weight-to-height ratio later in childhood, but the association was not statistically significant in any of the groups related to parental overweight. Adjustment for confounders strengthened the magnitude of the associations, but only in the group with at least one overweight parent. In fact, the association between birth weight and weight-to-height ratio was 7 times greater in the fully adjusted model (model 5) compared to the crude model (from coefficient = -0.02, p = 0.683 to coefficient = -0.15, p ! 0.001). On the contrary, in the group with non-overweight parents the association between birth weight and weight-to-height ratio was not significant, and adjustment for confounders attenuated the magnitude of the associations (from a coefficient of -0.91, p = 0.10 to -0.06, p = 0.148).
There was a significant negative association between birth weight and subscapular skinfold in the fully adjusted models regardless of parental overweight status. However, the association was stronger in the group with overweight parents (coefficient = -0.16, 95% CI -0.24, -0.06) compared to the group of non-overweight parents (coefficient = -0.09, 95% CI -0.16, -0.02).
In the crude model, there was a significant negative association between birth weight and subscapular-to-triceps ratio later in childhood in the group with at least one overweight parent, only. Adjustment for confounders strengthened the magnitude of the association (from coefficient = -0.16, p = 0.011 to coefficient = -0.28, p = 0.001). In the group with nonoverweight parents, adjustment for confounders did not influence the magnitude of the association, and associations remained non-significant in all models.
Including physical activity as counts/min, available in a sub-sample of the study population, did not markedly change the associations between birth weight and any of the fat location indices (waist circumference, waist-to-height ratio, subscapular skinfold, and subscapular-to-triceps ratio) in the final models (results not shown).
Adiposity
As regards adiposity, no significant associations were found between birth weight and BMI in the group with non-overweight parents, irrespective of adjustment for confounders ( table 3 ). In the group with at least one overweight parent, birth weight was significantly and positively associated with BMI after adjustment for sex, age, puberty, maternal education, paternal income, mother's age at delivery, and parity. Birth weight was no longer associated with BMI when lifestyle (e.g. breastfeeding, current energy intake, and aerobic fitness) was taken into account. Among the three factors investigated, aerobic fitness had the major influence on the attenuation of the association. Interestingly, the association remained significant when breastfeeding and energy intake were added to the model (coefficient = 0.14, p = 0.033, adjusted R 2 = 9.6%). However, the association was completely lavished when fitness was added to the model. Inclusion of fitness increased the adjusted R 2 from 9.6% to 36.4%.
When using BMI as a binary variable, the likelihood of being overweight in childhood was significantly higher in the second (OR = 1.83, 95% CI 1.04, 3.21), third (OR = 1.76, 95% CI 1.07, 3.09) and fourth (OR = 2.23, 95% CI 1.28, 3.89) quartile compared to the first quartile of birth weight in the group with at least one overweight parent. The associations remained significant until breastfeeding and total energy intake were introduced into the model, and the associations were completely lavished after inclusion of aerobic fitness (data not shown). In the group with non-overweight parents, the associations were non-significant in both crude and fully adjusted models. Birth weight was not associated with sum of four skinfolds regardless of parental overweight status (data not shown).
Including physical activity as counts/min did not alter the association between birth weight and BMI or sum of four skinfolds in the final models (data not shown).
Discussion
The present study shows that parental overweight, as a marker for familial predisposition to obesity, noticeably influenced the association between birth weight and fat distribution later in childhood. Among offspring of overweight parents, those with lower birth weight z-scores had stored more fat centrally than those with higher birth weight z-scores for all anthropometric indices investigated. These associations were independent of sex, age, puberty, BMI, height, maternal education, paternal income, mother's age at delivery, parity, breastfeeding, energy intake, and aerobic fitness. Among offspring of non-overweight parents, there was a significant association of birth weight and later subscapular skinfold, only. However, the magnitude of the association was smaller compared to the group with overweight parents.
To the best of our knowledge, none of the previous studies investigating the role of fetal growth on fat distribution and adiposity later in childhood had simultaneously stratified the analysis by parental overweight status and controlled for post-natal and current lifestyle. Thus, it is difficult to fully compare our results with others. However, our findings seems consistent with the hypothesis that familiar predisposition to obesity has a great effect on offspring fat distribution. A study examined the contributions of genetic factors and the family environment to human fatness in a sample of adult Danish adoptees and found that there was a strong relation between the body weight of the adoptees and the BMI of their biological parents, but no relation to their adoptive parents. The study concluded that genetic influences have an important role in determining human fatness in adults, whereas the family environment alone has no apparent effect [15] . Nevertheless, in the present study the possibility of confounding, as overweight parents may provide a different social environment for their offspring than non-overweight parents, cannot be totally excluded. Albeit a significant positive association between birth weight and BMI later in childhood in the group with at least one overweight parent was evident, the association was abolished after adjustment for aerobic fitness. It remains uncertain whether this lack of association between birth weight and adiposity may be explained in part by the use of crude measures of adiposity such as BMI. Conversely, a previous study found that girls with high birth weight, low fitness level, and at least one parent with overweight were significantly more likely to be classified as overweight/obese at age 12-18 years [29] . However, important confounders such as sexual maturation, gestational age, and dietary factors were not taken into account.
Inconsistent results have been reported even when adiposity was measured by 4-component model in two earlier studies [11, 12] . One study showed that birth weight was not associated with fat mass index and percentage fat among children, adolescents, and young adults in the analyses either unadjusted or after adjustment for puberty, physical activity, socioeconomic status, ethnicity, and parental BMI [11] , while another study showed that a higher birth weight was significantly associated with lower percentage fat later in childhood (6.5-9.1 years) after adjustment for age, sex, socioeconomic status, physical activity, BMI, and body shape [12] . However, it is also possible that using crude information on physical activity and failure to adjust for breastfeeding and energy intake during childhood might have obscured the true association between birth weight and total adiposity in these particular studies.
Study limitations warrant some thoughts. Studies involving children and adolescents are of great importance because they are old enough for the amplification of programming effects but not so old as to impose an expressive contribution of lifestyle factors, which cumulatively influence the body composition and health status of older subjects [10] . This cohort was composed of children with a wide age range, from 8 to 16 years, which introduces some methodological challenges in that older children have been exposed for a longer period of time to a larger variety of environmental factors than younger children. However, we were able to control for many lifestyle characteristics, including energy intake and fitness, that may contribute to total adiposity and fat distribution.
Sexual maturation is another challenge because body dimension may change rapidly during puberty. Although it was possible to control the analyses for pubertal stage, age and height, information on peak height velocity (growth spurt) was not available, and therefore the possibility of residual confounding cannot be excluded further.
Skinfold thickness is not considered a highly accurate measurement of fat distribution, and waist circumference does not distinguish between intraabdominal and subcutaneous abdominal fat. Nevertheless, waist circumference is associated with cardiovascular risk factors in pre-and post-pubertal children [30] . Highly sophisticated, but expensive methods such as computed tomography and magnetic resonance imaging could add more information on the role of fetal weight in the development of intraabdominal fat in children. In the present study, the use of more crude measures (waist circumference) may have led to attenuation of the observed associations. Hence, true associations may be expected to be even stronger.
It was not possible to use cutpoints for definition of low birth weight ( ! 2.5 kg) or small for gestational age (SGA), and macrosomia ( 1 4 kg) to aid comparison of effect size with previous studies, due to the low number of low birth weight, SGA, and macrosomia in our population. Therefore, birth weight, expressed as z-score, in the range of normal distribution was used instead.
Parental weight was self-reported and consequently subject to underreporting, particularly among overweight/obese individuals [31] . A population-based study conducted in 1999/2001 reported 60% and 43.6% of overweight/obesity among 30-to 60-year-old Danish men and women, respectively [32] . Similarly, in this study overweight was higher among fathers than mothers; however, the prevalence was lower (46.3% in fathers and 27.3% in mothers) than estimates reported previously [33] . Such underreporting would lead to misclassification of overweight parents into normal-weight parents and hence results in an attenuation of any differences seen in the associations for the non-overweight and the overweight groups. However, the strength of the associations was already markedly different between groups, supporting the trust in our findings.
The dose-response effect was also explored by performing stratified analyses for those with normal weight, overweight and obese parents. Although there was a trend towards higher effect sizes (magnitude of the associations) among children with obese parents compared to those with overweight or normal-weight parents for all outcomes investigated, the analyses were markedly influenced by the lack of statistical power. In our sample, 84 children had at least one obese parent, and only 12 had two obese parents. Therefore, some results did not reach statistical significance, and some estimates showed wide confidence intervals. The comparison between children with one overweight parent and those with two overweight parents showed effect sizes of essentially similar magnitude.
Despite the potential limitations, this is one of only a few studies with extensive information on potential pre-and post-natal determinants of fat distribution and obesity in childhood, including direct measurement of birth weight and gestational age, and objective measurements of children food intake, and physical fitness.
The association between birth weight and fat distribution later in childhood was conventionally significant, but the magnitude of the fully adjusted effect size was rather modest. Obesity is notoriously difficult to treat and for that reason early identification of children at a high risk for becoming overweight may offer the best opportunity for a target-preventive effort. In this scenario, although the association between birth weight and fat distribution may be modest, size at birth combined with other established risk factors, particularly overweight/obesity among their parents can be used as a potential screening tool in primary obesity interventions.
Conclusion
The association between birth weight and fat distribution later in childhood seems markedly influenced by parental overweight. Lower birth weights were associated with central adiposity among offspring of overweight parents, even after control for a wide range of confounders.
